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1.  Problem  Statement 


Consider  a  directed  network  G  =  (N,A)  where  N  is  the 
set  of  nodes  and  A  is  the  set  of  arcs  and  |n|  =  n  and  |a j  = 


m.  Let  a^j  denote  the  arc  multiplier  for  arc  (ij)  e  A.  The 


effect  of  the  arc  multipliers  is  to  transform  the  flow 
emanating  from  an  originating  node  before  it  enters  the 


consequent  node,  i.e.,  if  a  flow  of  f ^ ^  leaves  node  i. 


a^jf^j  is  received  at  node  j.  Clearly,  if  a^  >  1,  flow  is 


amplified  and  if  a^  <  1,  flow  is  diminished  while  moving 


along  arc  (ij 


We  assume  that  a^j  >  0  for  all  (i,j)  e  A 


since  a. .  =  0  simply  eliminates  the  arc  from  the  network 

i  j 


while  a. .  <0  causes  a  reversal  in  flow  direction.  Let  1. . 

il  1] 


and  c^j  represent  the  lower  and  upper  bounds  to  flow  on  arc 


A  network  as  defined  above  with  one  or  more  t  1 


is  referred  to  as  a  Generalized  Network  (GN).  Note  that 


when  all  a^  =  1,  a  GN  reduces  to  the  special  case  of  a  pure 


network.  Mathematically,  a  GN  can  be  represented  as 
follows : 


Maximize 


Subject  to 


E  c.  • 

f  .  • 

(  i  ,  j )eA  1 J 

il 

E  f.  .  - 

E 

j  eS .  ^ 

j  eP . 

l 

J  l 

1.  .  <  f  .  •  < 

u  .  . 

1 J  il 

il 

a . • f . .  =  0  for  i  t  s,t 

Dili 


■where  s 
t 


-  source  node 

-  sink  node 

•-  set  of  immediate  successor  nodes  to  node  i. 

=  set  of  immediate  predecessor  nodes  to  node  i 


The  generalized  network  structure  is  essentially  a 
linear  program  whose  coefficient  matrix,  ignoring  simple 
bounds  on  variables,  contains  at  most  two  non-zero  entries 
in  each  column.  Many  problems,  for  which  no  pure  network 
formulations  are  possible,  can  be  modeled  as  generalized 
networks.  Applications  reported  in  literature  include  water 
distribution,  copper  refining  process,  cash  management, 
blending,  caterer  problem,  crew  scheduling  and  manpower 
training . 

When  flow  variables  are  required  to  be  integers,  the 
resulting  problem  is  termed  Discrete  Generalized  Network 
( DGN ) .  The  DGN  structure  has  been  used  to  model  problems 
such  as  scheduling  variable  length  television  commercials 
into  time  slots,  assigning  jobs  to  computers  in  computer 
networks,  designing  communication  networks  and  capital 
allocation  problems  (see  Glover  et  al.  [2]  for  these 
references).  The  primary  objective  of  this  project  has  been 
to  identify  solution  methodologies  for  problems  having  the 
DGN  structure.  Some  secondary  outcomes  of  the  research 
include  a  program  for  generating  random  networks  and  an 
application  of  DGN  formulation  to  model  an  important  problem 
in  flexible  manufacturing  systems. 


2 .  Summary  of  Important  Results 

Results  obtained  from  the  research  are  summarized  in 
the  following  six  sections. 


Solving  Generalized  Flow  Network  Problems  with  Positive 


Lower  Bounds  on  Arc  Capacities 


A  linear  programming  relaxation  based  branch  and  bound 
procedure  was  developed  for  solving  the  integer  maximum  flow 
generalized  network  problem.  In  solving  the  linear 
relaxation,  an  algorithm  suggested  by  Pulat  and  Elmaghraby 
[5]  was  used.  The  complexity  of  their  algorithm  is  a 
polynomial  function  of  the  number  of  nodes  and  number  of 
arcs  in  the  network.  However,  for  it  to  be  useful  in  an 
enumerative  procedure,  their  algorithm  had  to  be  modified  to 
handle  non-zero  lower  bounds  on  arc  flows. 

This  extension  was  the  major  contribution  of  a  Masters 
Thesis  by  a  graduate  student,  Mr.  Barbaros  Ozdemir.  The 
modified  algorithm  preserves  the  computational 
attractiveness  while  making  it  more  general.  In  this 
thesis,  the  linear  relaxation  technigue  was  integrated 
within  a  tree  search  procedure  and  some  random  problems  were 
solved.  A  copy  of  the  thesis  has  been  submitted  to  the  U.S. 
Army  Research  Office.  A  summary  of  Mr.  Ozdemir 's  thesis  can 
be  found  in  Ozdemir  et  al.  [4]. 


2.2  Constraint  Aggregation  for  Solving  Discrete  Generalized 


Network  Problems. 

Methods  of  constraint  aggregation  can  be  used  for 
reducing  the  complexity  of  the  discrete  generalized  network 
problem  since  all  constraints  (except  for  simple  lower  and 


4 

upper  bounds)  are  equality  constraints.  A  recently  proposed 
method  of  constraint  aggregation  (Ram  et  al.  [7]  was  used  to 
perform  the  aggregation.  The  resulting  problem  possesses 
the  knapsack  structure  with  general  bounds  on  variables. 

A  graduate  student,  Mr.  Mohamed  Qasim,  worked  on  his 
Masters  Thesis  in  solving  this  problem.  His  efforts 
resulted  in  (i)  extension  of  the  well  know  Balas  and  Zemel's 
[1]  algorithm  for  solving  the  linear  knapsack  problems  to 
the  case  of  knapsacks  with  general  bounds  and  (ii) 
development  of  a  FORTRAN  code  for  fully  solving  general 
bounded  integer  knapsack  problems.  A  copy  of  Mr.  Qasim 's 
thesis  has  been  submitted  to  the  U.S.  Army  Research  Office. 

2 . 3  Binary  Expansion  of  Integer  Variables 

Binary  expansion  has  found  considerable  use  in  integer 
programming  since  it  is  computationally  simpler  to  deal  with 
zero-one  variables  than  with  general  bounded  variables.  A 
simple  expression  for  binary  expansion  which  uses  the  least 
number  of  binary  variables  was  proposed.  The  advantage  of 
the  suggested  formula  is  that  it  docs  not  require  any 
additional  constraints.  This  result  has  been  expressed  in 
Ram  and  Sarin  [8]  and  a  copy  of  the  manuscript  has  been 
submitted  to  the  U.S.  Army  Research  Office. 

2 . 4  A  Program  for  Generating  Connected  Networks 

In  order  to  test  the  computational  effectiveness  of  an 


algorithm,  it  is  necessary  to  have  a  program  for  generating 
random  test  problems.  Currently  known  network  generators 
such  as  NETGEN ,  NETGEN  II  and  GENNI  do  not  guarantee 


connectivity  of  the  network.  A  new  generator  was  proposed 
and  a  computer  program  was  developed  for  creating  network 
problems.  The  generated  problems  had  one  source  node  (one 
incoming  arc),  one  sink  node  (one  outgoing  arc)  and  no 
transhipment  nodes  with  demand  or  supply.  These  networks 
are  of  the  maximum  flow  or  minimum  cost  flow  problems.  An 
important  feature  of  the  generator  is  that  it  ensures 
connectivity  of  the  entire  network.  The  output  of  the 
program  is  in  the  form  of  the  constraint  matrix  of  the 
corresponding  mathematical  program. 

The  program  has  been  fully  described  in  Qasim  et  al. 

[ 6 ]  and  a  copy  of  the  manuscript  has  been  submitted  to  the 
U.S.  Army  Research  Office. 

2 . 5  Application  of  Discrete  Generalized  Networks  to  a 

Problem  in  Flexible  Manufacturing  Systems. 

An  important  problem  is  planning  the  operations  of  a 
Flexible  Manufacturing  System  ( FMS )  is  that  of  "machine 
loading  and  tool  allocation".  The  specific  problem  is  to 
equip  the  machines  with  proper  tools  in  the  tool  magazine  of 
limited  capacity  at  the  machine  and  to  route  the  parts 
through  the  system  so  that  the  preselected  system 
performance  criteria  are  optimized.  Typical  criteria 
include  minimum  total  machining  time,  minimum  total 


machining  cost,  minimum  makespan,  and  minimum  disparity  in 
utilization  of  different  machines. 

Several  va:  rations  of  this  problems  have  been 
identified  and  different  solution  approaches  suggested  for 
machine  loading  and  tool  allocation  in  FMS.  The  problem 
addressed  is  stated  in  Sarin  and  Chen  [11];  the  system 
performance  criterion  used  by  them  is  minimum  total 
machining  cost.  A  formulation  is  proposed  for  the  problem 
within  the  framework  of  discrete  generalized  networks.  In 
addition,  an  efficient  solution  procedure  for  the  model  is 
also  presented.  The  model  and  solution  procedure  is  applied 
to  the  example  problem  described  in  Sarin  and  Chen  [11]. 

The  machine  loading  and  tool  allocation  problem  was 
modeled  as  a  discrete  generalized  network  with  "sum-to-one" 
side  constraints.  A  branch  and  bound  procedure  was 
developed  for  determining  a  solution  to  the  model  and  a 
FORTRAN  code  was  written  for  implementing  the  ideas  on  a 
computer.  Details  of  the  modeling  approach  and  the 
algorithm  are  provided  in  Ram  et  al.  [9].  A  copy  of  this 
manuscript  has  been  submitted  to  the  U.S.  Army  Research 
Of  f ice . 


2 . 6  Objective  Function  Value  Search  for  Equality 
Constrained  Integer  Programs. 

As  mentioned  in  Section  2.2,  the  discrete  generalized 
network  problem  is  an  integer  programming  problem  with 
equality  constraints.  In  the  last  part  of  the  project, 


•"  .iW.  i 


research  was  initiated  on  a  new  approach  for  solving 


equality  constrained  integer  programs  using  constraint 
aggregation.  A  difficulty  in  using  constraint  aggregation 
is  that  round-off  errors  propagate  rapidly  when  implementing 
the  approach  on  a  computer.  This  makes  it  difficult  to 
identify  feasible  solutions  since  it  involves  checking  for 
equality  of  two  real  numbers,  both  of  which  may  be 
irrational.  In  this  part  of  the  project,  instead  of  using 
constraint  aggregation  directly,  a  method  is  suggested  that 
involves  single-constraint  subproblems  that  have  irrational 
coefficients  in  the  objective  function.  The  constraint  set 
includes  the  original  objective  function.  Through  an 
iterative  search  procedure,  the  optimal  solution  is  found. 

The  famous  algorithm  of  Martello  and  Toth  [3]  has  been 
modified  to  handle  non-integer  coeffients  in  the  objective 
function.  Preliminary  results  with  small  problems  indicate 
that  the  approach  may  work  well  with  larger  problems  also. 
This  study  is  being  done  as  a  Masters  Thesis  by  Mr.  Phillip 
Mintz,  a  graduate  student.  An  interim  report  is  available 
from  the  authors  Ram  et  al.  [10].  The  final  report  and  a 
copy  of  Mr.  Mintz 's  thesis  will  be  submitted  to  the  U.S. 
Army  Office  when  the  student  completes  the  study. 
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ABSTRACT 


In  this  research,  we  propose  a  procedure  for  solving 
Generalized  Integer  Flow  Networks.  Applications  of  the 
Generalized  Integer  Flow  Networks  include  machine  loading 
problems,  water  reservoir  systems,  investment  decisions.  A 
pol ynomi ca 1 1 y  bounded  algorithm  to  solve  linear  Generalized 
Flow  Networks  was  recently  proposed  by  Pulat  [1984],  In 
this  thesis  an  extension  to  this  algorithm  is  developed  to 
handle  non-zero  lower  bounds.  The  extension  permits  the 
incorporation  of  this  algorithm  as  a  bounding  technique  in 
using  a  branc h- and - bound  algorithm  for  solving  Generalized 


Integer  Networks. 
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Abstract 


In  this  study  we  propose  a  computational  procedure  for  solving 
generalized  network  flow  problems  with  integral  flows.  The  method 
presented  is  different  from  earlier  approaches  in  that/  the  mathema¬ 
tical  programming  formulation  is  solved  directly  as  an  integer 
program  instead  of  resorting  to  network  techniques.  The  problem 
size  is  reduced  using  constraint  aggregation.  The  aggregated 
problem  has  the  form  of  the  equality  knapsack  problem  with  bounded 
integer  variables.  The  algorithm  of  Balas  and  Zemel  is  modified  to 
deal  with  bounded  variables. 

The  algorithm  is  coded  in  FORTRAN  and  is  tested  on  randomly 
generated  problems.  Computational  results  are  also  presented  in  this 
report . 
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Abstract 

The  Generalized  Flow  Network  ( GFN )  problem  involves 
maximizing  flow  throuah  a  network  which  allows  gain  or  loss 
of  flow  across  its  arcs.  Several  important  applications  of 
GFN  have  been  cited  in  the  literature.  This  paper  focuses 
attention  on  a  recent  method  for  solving  GFN's.  We  present 
an  extension  to  the  algorithm  which  allows  solving  GFN 
problems  with  non-zero  lower  bounds  on  arc  capacities. 
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Abstract 


A  bounded  integer  variable  can  be  substituted  by  a  sum 
of  binary  variables.  We  present  a  new  expression  for 
performing  this  expansion. 
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Abstract 


We  present  a  program  for  generating  random  network 
problems.  The  generated  problems  are  of  the  maximum  flow  or 
minimum  cost  type.  This  generator  may  be  used  for 
computationally  studying  the  effectiveness  of  network 
optimization  algorithms. 


Keywords 

Network  Optimization,  Test  Problem  Generator 


i 


N  •> 


A  Model  and  A  Solution  Approach  For  The 
Machine  Loading  and  Tool  Allocation  Problem 

In  A 

Flexible  Manufacturing  System 


Balasubramanian  Ram 
Sanjiv  Sarin 
C.  S.  Chen 


Acknowledgment:  The  research  reported  here  was  supported  in 

part  by  the  US  Army  Research  Office,  Grant 
No.  DAAG29-85-G-0086 .  This  support  is 
gratefully  acknowledged. 


August  1987 


Department  of  Industrial  Engineering 
North  Carolina  A&T  State  University 
Greensboro,  NC  27411 


***/v v '  • 


■  -  -  •.\mvvs 


Abstract 

We  consider  the  problem  of  planning  machine  loading  and 
tool  allocation  in  a  flexible  manufacturing  system.  The 
problem  is  modeled  as  a  discrete  generalized  network  with 
simple  side  constraints.  An  algorithm  is  described  to  yield 
a  solution  to  this  problem.  An  important  aspect  of  the 
modeling  process  presented  here  is  its  ease  of  application 
to  other  planning  problems  in  flexible  manufacturing 
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Abstract 


We  consider  an  approach  for  solving  equality-con 
strained  integer  programs.  It  involves  a  search  over  ai 
easily-computed  range  of  objective  function  values.  Th< 
search  involves  solving  single  constraint  integer  programs. 


